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The thermodynamics of irreversible processes, based on a set of internal state variables, is revisited, paying atten-
tion on two complementary aspects :
- The Generalized Standard Models are shown to introduce too stiff constraints, both for kinematic hardening and
for damage modellings. A slightly less restrictive approach is then considered, based on several independent po-
tentials and several independent multipliers ;
- The micro-macro approach of elastoplasticity is formulated through the Transformation Field Analysis of Dvorak
and the use of a correction method. Moreover, based on previous works of Suquet and Nguyen, the approach is
generalized with energy considerations, incorporating continuous fields of eigenstrains.
1 Introduction
Thermodynamics of irreversible processes represents an excellent framework for the development of constitutive
and damage equations. In particular, using one of its versions based on the notion of local state and internal state
variables Germain (1974), Germain (1973), induces sufficient constraints against a too large set of possibilities.
Such a framework has been extensively used during the past thirty years, in many different contexts Sidoroff
(1975), Chaboche (1978), Krajcinovic and Fonseka (1981), Ju (1989), Hansen and Schreyer (1994), including
plasticity and viscoplasticity of metals, creep, inelastic behaviour of geomaterials (soils, rocks, concrete, salt,...),
Continuum Damage Mechanics, etc. Many improvements and more rigorous choices in the inelastic and damage
constitutive equations of representative materials were obtained within this framework.
The purpose of the present paper is twofold :
• review some of the properties of the thermodynamics with internal variables, especially the notion of Gen-
eralised Standard Models (GSM) Halphen and Nguyen (1975), together with some too strict limitations of
this formulation. Then present a more recent extension, called here the ”pseudo-standard approach”, that
offers slightly less restrictive rules ;
• discuss some of the properties of constitutive equations deduced from macro-homogenisation tools in the
light of thermodynamic aspects. In this context we consider the Transformation Field Analysis (TFA)
method, developed by Dvorak and co-workers Dvorak and Benveniste (1992), Dvorak (1992). This ap-
proach, mainly useful for composite systems, is revisited in energy terms (state potential and dissipation),
based on discussions previously given by Suquet (1982) and Nguyen (1988), in an insufficiently known
context.
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4. From these micromechanics relationships one obtain the expression for the overall free energy. The fact
that it expresses as a quadratic function of elastic strain, to which is added the stored energy associated
with internal residual stresses, is particularly underlined. The thermoelastic free energy is also discussed, in
which a quadratic function of the mechanical elastic strain appears similarly. Such a quadratic expression is
not always well considered and this is a point that merits further attention.
5. Other related aspects were not considered in the present paper, and are briefly summarized here :
• The thermodynamic framework presents the advantage to separate the plastic work into the part that
is dissipated as heat and the one that is stored in the material (by the internal stresses). Previous
works Chaboche (1993), Chaboche (1996) have shown its ability to correctly represent mechanical and
thermal measurements Chrysochoos (1987), which means the correct modelling of dissipated energy.
• The use of the rate of observable variables (total strain rate or elastic strain rate or stress rate) in the
evolution equations for internal variables introduces some shortcomings Malmberg (1990), Chaboche
(1996), that are still subject to discussion Krempl (1996).
• The temperature rate does appear in the back stress rate equation, but only as a consequency of the
temperature dependency of hardening moduli. This dependency is directly obtained from the thermo-
dynamic framework and its violation can induce abnormal and unacceptable mechanical responses,
that have been discussed in Chaboche (1993), Ohno and Wang (1992).
• Concerning damage effect modelling, the important aspects related to damage deactivation effects are
the subject of some difficulties : depending on the deactivation rule chosen, there are needs to define
differently the plastic strain, modifying the ”unloaded configuration”, as was discussed in Chaboche et
al. (1998).
126
References
Bahei-El-Din, Y. A.: Uniform fields, yielding, and thermal hardening in fibrous composite laminates. Int. J. of
Plasticity, 8, 7, (1992), 867.
Benallal, A.: Thermoviscoplasticite´ et endommagement des structures. Doctorat d’Etat, Universite´ Pierre et Marie
Curie, Paris 6 (1989).
Benveniste, Y.: Universal relations in piezoelectric composites with eigenstress and polarization fields. parts I and
II. J. Applied Mechanics, 60, (1993), 265–275.
Bornert, M.: Homoge´ne´isation des milieux ale´atoires : bornes et estimations. In: M. Bornert; T. Bretheau;
P. Gilormini, eds., Homoge´ne´isation en Me´canique des Mate´riaux, 1 : Mate´riaux Ale´atoires Elastiques et Mi-
lieux Pe´riodiques, pages 133–221, Herme`s Science (2001).
Chaboche, J. L.: Sur l’utilisation des variables d’e´tat interne pour la description de la viscoplasticite´ cyclique avec
endommagement. In: Proble`mes Non Line´aires de Me´canique, pages 137–159, Symposium Franco-Polonais de
Rhe´ologie et Me´canique, Cracovie (1977).
Chaboche, J. L.: Description phe´nome´nologique de la viscoplasticite´ cyclique avec endommagement. Doctorat
d’Etat, Universite´ Pierre et Marie Curie, Paris 6, Paris (juin 1978).
Chaboche, J. L.: Constitutive equations in creep-fracture damage. In: Wilshire; Owen, eds., Engineering Ap-
proaches to High Temperature Design, Pineridge-Press, Swansea (1983).
Chaboche, J. L.: Constitutive equations for cyclic plasticity and cyclic viscoplasticity. Int. J. of Plasticity, 5, (1989),
247–302.
Chaboche, J. L.: Development of Continuum Damage Mechanics for elastic solids sustaining anisotropic and
unilateral damage. Int. J. Damage Mechanics, 2, (1993), 311–329.
Chaboche, J. L.: Unified cyclic viscoplastic constitutive equations : development, capabilities and thermodynamic
framework. In: A. S. Krauss; K. Krauss, eds., Unified Constitutive Laws of Plastic Deformation, pages 1–68,
Academic Press Inc. (1996).
Chaboche, J. L.: Thermodynamic formulation of constitutive equations and application to the viscoplasticity and
viscoelasticity of metals and polymers. Int. J. Solids Structures, 34, 18, (1997), 2239–2254.
Chaboche, J. L.: Thermodynamically founded CDM models for creep and other conditions. In: J. Skrzypek;
H. Altenbach, eds., Modeling of Material Damage and Failure of Structures, vol. 399 of CISM Lecture Notes,
pages 209–283, Springer Verlag (1999).
Chaboche, J. L.; El Mayas, N.; Paulmier, P.: Mode´lisation thermodynamique des phe´nome`nes de viscoplasticite´,
restauration, et vieillissement. C. R. Acad. Sci. Paris, t.320, Se´rie II, (1995), 9–16.
Chaboche, J. L.; Kruch, S.; Maire, J. F.; Pottier, T.: Micromechanics based modelling of inelasticity and damage in
MMC’s. In: A. Khan, ed., Constitutive and damage modeling of inelastic deformation and phase transformation,
PLASTICITY’99, pages 3–26, Neat Press, Maryland (1999).
Chaboche, J. L.; Kruch, S.; Maire, J. F.; Pottier, T.: Towards a micromechanics based inelastic and damage
modeling of composites. Int. J. of Plasticity, 17, (2001), 411–439.
Chaboche, J. L.; Lesne´, O.; Pottier, T.: Continuum Damage Mechanics of composites : towards a unified approach.
In: G. Z. Voyiadjis; J. Ju; J. L. Chaboche, eds., Damage Mechanics in Engineering Materials, pages 705–708,
Elsevier Science B.V. (1998).
Chrysochoos, A.: Dissipation et blocage d’e´nergie lors d’un e´crouissage en traction simple. Doctorat d’Etat,
Universite´ de Montpellier, Montpellier (1987).
Coleman, B. D.; Gurtin, M. E.: Thermodynamics with internal state variables. J. Chem. Phys., 47, (1967), 597–
613.
Dvorak, G.: On uniform fields in heterogeneous media. Proc. Royal Soc. London, A.431, (1990), 89–110.
Dvorak, G.: Transformation field analysis of inelastic composite materials. Proc. Royal Soc. London, A.437,
(1992), 311–327.
127
Dvorak, G.; Bahei-El-Din, Y.; Wafa, A.: Implementation of the transformation field analysis for inelastic compos-
ite materials. Comput. Mech., 14, (1994), 201–228.
Dvorak, G.; Benveniste, Y.: On transformation strains and uniform fields in multiphase elastic media. Proc. Royal
Soc. London, A.437, (1992), 291–310.
Freed, A. D.; Chaboche, J. L.: Viscoplasticity : a thermodynamic formulation. NASA Tech. Memo. NASA TM-
102388, NASA (1989).
Germain, P.: Cours de Me´canique des Milieux Continus, vol. I. Masson, Paris (1973).
Germain, P.: Thermodynamique des milieux continus. Entropie, 55, (1974), 7–14, congre`s Franc¸ais de Me´canique.
Germain, P.; Nguyen, Q. S.; Suquet, P.: Continuum thermodynamics. J. of Applied Mechanics, 50, (1983), 1010–
1020.
Halphen, B.; Nguyen, Q. S.: Sur les mate´riaux standards ge´ne´ralise´s. J. de Me´canique, 14, 1, (1975), 39–63.
Hansen, N.; Schreyer, H. L.: A thermodynamically consistent framework for theories of elastoplasticity coupled
with damage. Int. J. Solids Structures, 31, (1994), 359–389.
Hansen, N. R.; Schreyer, H. L.: Thermodynamically consistent theories for elastoplasticity coupled with damage.
In: Damage Mechanics and Localization, vol. 142/AMD, pages 53–67, ASME (1992).
Ju, J. W.: On energy-based coupled elastoplastic damage theories : constitutive modeling and computational
aspects. Int. J. Solids Structures, 25, 7, (1989), 803–833.
Kachanov, M.: Elastic solids with many cracks and related problems. In: J. Hutchinson; T. Wu, eds., Advances in
Applied Mechanics, vol. 30, pages 259–445, Academic Press, New York (1994).
Krajcinovic, D.; Fonseka, G. U.: The continuous damage theory of brittle materials, parts 1 and 2. J. of Applied
Mechanics, 48, (1981), 809–824.
Krempl, E.: A small strain viscoplasticity theory based on overstress. In: A. S. Krauss; K. Krauss, eds., Unified
Constitutive Laws of Plastic Deformation, pages 281–318, Academic Press Inc. (1996).
Ladeve`ze, P.: On the role of creep continuum damage in structural mechanics. In: P. Ladeve`ze; O. Zienkiewiecz,
eds., New Advances in Computational Structural Mechanics, pages 3–22, Elsevier, Oxford (1992).
Laws, N.: On the thermostatics of composite materials. J. Mech. Phys. Solids, 21, (1973), 9–17.
Lemaıˆtre, J.: A Continuum Damage Mechanics model for ductile fracture. J. of Engng. Mat. Technol., 107, (1985),
83–89.
Lemaıˆtre, J.; Chaboche, J. L.: Me´canique des Mate´riaux Solides. Dunod, Paris (1985).
Levin, V.: Thermal expansion coefficients of heterogeneous materials. Mekh. Tverdogo Tela, Trans. of Soviet Acad.
of Sciences (Mech. of Solids), 2, (1967), 88–94.
Levin, V.: Determination of the thermoelastic constants of composite materials. Mekh. Tverdogo Tela, Trans. of
Soviet Acad. of Sciences (Mech. of Solids), 6, (1976), 137–145.
Malmberg, T.: Thermodynamics of some viscoplastic material models with internal variables. In: Proc. Int. Conf.
Mech. Phys. Struct. Mater., Thessaloniki (1990).
Mandel, J.: Contribution the´orique a` l’e´tude de l’e´crouissage et des lois de l’e´coulement plastique. 11th Congress
ICTAM, Munich (1964).
Masson, R.; Bornert, M.; Suquet, P.; Zaoui, A.: An affine formulation for the prediction of the effective properties
of non linear composites and polycrystals. J. Mech. Phys. Solids, 48, (2000), 1203–1227.
Masson, R.; Zaoui, A.: Self-consistent estimates for the rate dependent elastop[lastic behaviour of polycrystalline
materials. J. Mech. Phys. Solids, 47, (1999), 1543–1568.
Michel, J. C.; Galvanetto, U.; Suquet, P.: Constitutive relations involving internal variables based on a microme-
chanical analysis. In: R. Drouot; G. A. Maugin; F. Sidoroff, eds., Continuum Thermodynamics : The Art and
Science of Modeling Matter’s Behaviour, Kluwer Academic Publ., Dordrecht, The Netherlands (2000).
128
Molinari, A.; Ahzi, S.; Kouddane, R.: On the self-consistent modeling of elastic-plastic behavior of polycrystals.
Mechs. of Materials, 26, (1997), 43–62.
Nguyen, Q. S.: Mechanical modelling of anelasticity. Revue Phys. Appl., 23, 4, (1988), 325–330.
Nouailhas, D.: Un mode`le de viscoplasticite´ cyclique pour mate´riaux anisotropes a` syme´trie cubique. C. R. Acad.
Sci. Paris, t.310, Ser.2, (1990), 887–890.
Ohno, N.; Wang, J. D.: Transformation of a nonlinear kinematic hardening rule to a multisurface form under
isothermal and nonisothermal conditions. Int. J. of Plasticity, 7, (1992), 879–891.
Ponte Castan˜eda, P.; Suquet, P.: On the effective mechanical behavior of weakly inhomogeneous nonlinear mate-
rials. Eur. J. Mech., A/Solids, 14, (1995), 205–236.
Pottier, T.: Mode´lisation multie´chelle du comportement et de l’endommagement de composites a` matrice
me´tallique. Doctorat d’Universite´, Ecole Nationale des Ponts et Chausse´es (1998).
Sidoroff, F.: On the formulation of plasticity and viscoplasticity with internal variables. Arch. Mech., Poland, 27,
5-7, (1975), 807–819.
Suquet, P.: Plasticite´ et homoge´ne´isation. The`se de doctorat d’Etat, Universite´ Pierre et Marie Curie, Paris 6
(1982).
Suquet, P.: Overall properties of nonlinear composites : remarks on secant and incremental formulations. In:
A. Pineau; A. Zaoui, eds., Plasticity and Damage of Multiphase Materials, pages 149–156, Kluwer Acad. Publ.,
Dordrecht (1996).
Willis, J.: Continuum models of discrete systems. In: J. Provan, ed., , pages 185–215, University Waterloo Press
(1978).
Willis, J.: Variational and related methods for the overall properties of composites. In: C. S. Yih, ed., Advances in
Applied Mechanics, vol. 21, pages 1–78, Academic Press, New York (1981).
Zaoui, A.; Masson, R.: Modelling stress-dependent transformation strains of heterogeneous materials. In: Trans-
formation problems in Composite and Active Materials, pages 3–15, IUTAM Symposium, Kluwer Academic
Pub., Cairo (1998).
Zaoui, A.; Raphanel, J. L.: On the nature of intergranular accomodation in the modeling of elastoviscoplastic
behavior of polycrystalline aggregates. In: J. L. Raphanel; C. Teodosiu; F. Sidoroff, eds., Large Plastic Defor-
mations, pages 27–38, Mecamat 91, Balkema, Rotterdam (1993).
Zhu, Y. Y.; Cescotto, S.: Fully coupled elasto-visco-plastic damage theory for anisotropic materials. Int. J. Solids
Structures, 32, 11, (1995), 1607–1641.
Address: Prof. Jean-Louis Chaboche, ONERA/DMSE, 29, Av de la Division Leclerc
BP72, F-92322 Chaˆtillon Cedex, France
Tel: 33 1 46 73 46 64, Fax: 33 1 46 73 48 91, email: chaboche@onera.fr
also Prof. at Univ. of Technology of Troyes
129
